A novel ultrasound predictor of pulmonary capillary wedge pressure assessed by the combination of left atrial volume and function: A speckle tracking echocardiography study  by Kawasaki, Masanori et al.
Journal of Cardiology 66 (2015) 253–262Original article
A novel ultrasound predictor of pulmonary capillary wedge pressure
assessed by the combination of left atrial volume and function:
A speckle tracking echocardiography study
Masanori Kawasaki (MD, PhD, FJCC)a,*, Ryuhei Tanaka (MD, PhD)b, Koji Ono (MD, PhD)b,
Shingo Minatoguchi (MD)a, Takatomo Watanabe (MD, PhD)a, Makoto Iwama (MD)b,
Takeshi Hirose (MD)b, Masazumi Arai (MD, PhD)b, Toshiyuki Noda (MD, PhD)b,
Sachiro Watanabe (MD, PhD, FJCC)b, Michael R. Zile (MD)c,
Shinya Minatoguchi (MD, PhD, FJCC)a
aDepartment of Cardiology, Gifu University Graduate School of Medicine, Gifu, Japan
bDepartment of Cardiology, Gifu Prefectural General Medical Center, Gifu, Japan
cMedicine-Cardiology, Medical University of South Carolina and Ralph H. Johnson Department of Veterans Affairs Medical Center, Charleston, SC, USA
A R T I C L E I N F O
Article history:
Received 5 May 2014
Received in revised form 21 October 2014
Accepted 12 November 2014
Available online 26 December 2014
Keywords:
Atrial volume
Atrial function
Diastolic dysfunction
Speckle tracking echocardiography
Pulmonary capillary wedge pressure
A B S T R A C T
Background: We hypothesized that a development of a novel index based on the combination of left atrial
volume (LAV) and left atrial (LA) function evaluated by the time–LA volume curve using speckle tracking
echocardiography (STE) would be accurate and useful to estimate pulmonary capillary wedge pressure
(PCWP). Our goal was to develop a novel index of PCWP based on a combination of LAV and LA function
using STE.
Methods: A cross-validation study was performed with the patients divided into a training study to
deﬁne the novel index (n = 50) and a testing study to validate the index (n = 196). PCWP was measured
by right heart catheterization, and phasic LAV and emptying function (EF) were measured by STE.
Results: Simple linear regression analysis in the training study revealed that the novel index that best
estimated PCWP was the kinetics-tracking index [KT index = log10 (active LAEF/minimum LAV index)].
Multiple regression analysis revealed that the KT index was the most reliable predictor of PCWP. It had
the strongest correlation with PCWP (r = 0.86, p < 0.001) among all echocardiographic parameters. In
the testing study, PCWP estimated by the KT index was also strongly correlated with measured PCWP
(r = 0.92, p < 0.001). These correlations were also strong in the patients with reduced left ventricular
ejection fraction (<50%), chronic heart failure, and chronic atrial ﬁbrillation (r = 0.92, r = 0.91, r = 0.79,
p < 0.001, respectively).
Conclusions: A novel index (KT index) using a combination of LAV and LA function was a powerful and
useful predictor of PCWP and may be valuable in routine clinical practice.
 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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Heart failure is a common cause of cardiovascular disease and
death and may occur in the presence of either a normal or
abnormal left ventricular (LV) ejection fraction. The underlying
pathophysiology in patients with heart failure with preserved* Corresponding author at: Department of Cardiology, Gifu University Graduate
School of Medicine 1-1 Yanagido, Gifu 501-1194, Japan. Tel.: +81 58 230 6523;
fax: +81 58 230 6524.
E-mail address: masanori@ya2.so-net.ne.jp (M. Kawasaki).
http://dx.doi.org/10.1016/j.jjcc.2014.11.008
0914-5087/ 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rightsejection fraction (HFPEF) is an abnormality of diastolic function
[1]. Estimation of LV ﬁlling pressure is often helpful for the
diagnosis and treatment of HFPEF. Thus, the establishment of a
noninvasive parameter to easily and accurately predict LV ﬁlling
pressure is important for the clinical diagnosis of heart failure.
Left atrial volume (LAV) has been proposed to reﬂect elevated
LV ﬁlling pressure and serves as a biomarker to predict
cardiovascular outcomes [2–4]. The regional tissue velocity of
the mitral annulus measured during early ﬁlling (e0) can be
considered a surrogate marker for time constant of LV pressure
decline (tau) [5]. The ratio of peak early transmitral ﬂow velocity
(E) to the regional tissue velocity of the mitral annulus measured reserved.
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pressure [6–8]. However, this parameter does not necessarily
reﬂect the conditions of myocardial expansion during mid and late
diastole [8].
Recently, owing to improvements in echocardiographic tech-
nology, speckle tracking echocardiography (STE) has provided the
automatic construction of time–left atrial (LA) volume curves
[9]. Furthermore, STE has permitted the evaluation of phasic LAV
and LA function that are also affected by LV stiffness during
diastole [10,11]. The combined assessment of LAV and LA function
would be useful to estimate pre-atrial contraction LV ﬁlling
pressure, because LAV and LA function are directly inﬂuenced by
LV diastolic function. Thus, we assessed the hypothesis that the
development of a novel index based on the combination of LAV and
LA function evaluated by the time–LA volume curve using STE
would be more accurate and useful to estimate pre-atrial
contraction LV ﬁlling pressure than conventional parameters such
as LAV and E/e0.
Methods
Subjects and study protocol
The study group consisted of 164 patients in sinus rhythm,
44 patients with chronic atrial ﬁbrillation (AF), and 23 patients
with moderate to severe mitral valve regurgitation (MR) who were
referred for clinically-indicated right heart catheterization. Those
with mitral stenosis (n = 2), prosthetic mitral valve (n = 1), severe
pericardial effusion (n = 1), or poor echocardiographic windows
(n = 1) were excluded. Accordingly, we enrolled 159 patients in
sinus rhythm and 44 patients with chronic AF and 23 patients withTable 1
Patients’ characteristics.
Training study T
S
(n = 50) 
Age (years) 68  11 
Male, n (%) 31 (62) 
Main history, n (%)
Hypertensive heart disease 7 (14) 
Coronary artery disease 15 (30) 
Valvular heart disease 11 (22) 
Cardiomyopathy 4 (8) 
Paroxysmal AF 4 (8) 
Other arrhythmias 7 (14) 
Chronic heart failure 13 (26) 
(NYHA  II)
Medications, n (%)
ARBs and/or ACEIs 22 (44) 
Beta-blockers 15 (30) 
Ca-channel blockers 13 (26) 
Diuretics 20 (40) 
Digitalis 3 (6) 
Echocardiographic parameters
LV ejection fraction (%) 58.3  7.9 
LV mass index (g/m2) 116.9  28.6 1
E velocity (cm/s) 85.6  40.6 
A velocity (cm/s) 79.6  35.6 
E/A 1.29  0.81 
e0 5.44  1.84 
E/e0 16.9  9.5 
Maximum LAVI (ml/m2) 54.4  25.2 
Pre-AC LAVI (ml/m2) 44.9  23.5 
Minimum LAVI (ml/m2) 35.1  23.2 
Total LAEF (%) 39.3  13.3 
Passive LAEF (%) 19.1  8.9 
Active LAEF (%) 25.2  12.6 
Data are presented as the mean  standard deviation. NA, not applicable; AF, atrial ﬁbr
inhibitor; LV, left ventricular; E/e0 , the ratio of peak early transmitral ﬂow velocity (E) to th
ratio of mitral inﬂow E-wave to A-wave velocity; LAVI, left atrial volume index; AC, atrmoderate to severe MR who underwent right heart catheterization
including pulmonary capillary wedge pressure (PCWP) measure-
ment (Table 1). A cross-validation study was performed with the
patients in sinus rhythm divided into a training study and a testing
study. In the training study, we measured LAV and LA emptying
function (EF) in 50 patients in sinus rhythm without chronic AF or
moderate to severe MR to determine the formula of the novel index
that gave the best estimate of PCWP. In the testing study, we
evaluated the accuracy and reliability of the formula of the novel
index in 109 patients in sinus rhythm, 44 patients with chronic AF,
and 23 patients with moderate to severe MR. In the training study,
four indices based on various combinations of active or total LAEF
and minimum or maximum LAV indices (LAVI) were used to
estimate PCWP. Transthoracic echocardiography was performed in
a left lateral decubitus position by two experienced sonographers
just before right heart catheterization (within one hour). Right
heart catheterization was performed in a supine position without
sedatives.
We also compared PCWP measured simultaneously by right
heart catheterization and STE before and after leg elevation in an
additional 20 patients in sinus rhythm without chronic AF or
moderate to severe MR. This comparison was performed to
validate the reliability of estimated PCWP measured by STE under
acute hemodynamic changes by leg elevation. The present study
was approved by the ethics committee of our institution and all
patients gave written informed consent before participation.
Echocardiographic studies
All echocardiographic studies were performed using an
ACUSON Sequoia 512 ultrasound system (Siemens, Mountainesting study Testing study Testing study
inus rhythm Chronic AF MR
(n = 129) (n = 44) (n = 23)
67  14 68  12 67  8
84 (65) 26 (59) 13 (57)
13 (10) 4 (9) 5 (22)
42 (33) 6 (14) 3 (13)
17 (13) 5 (11) 23 (100)
14 (10) 6 (14) 2 (9)
8 (6) NA 8 (35)
8 (6) 0 (0) 2 (9)
45 (35) 20 (45) 12 (52)
64 (50) 22 (50) 13 (57)
53 (41) 19 (43) 13 (57)
53 (41) 11 (25) 5 (13)
23 (18) 29 (66) 14 (61)
11 (9) 4 (9) 0 (0)
54.3  13.2 53.1  18.1 56.3  10.0
26.4  47.2 107.5  25.7 130.2  35.0
76.5  27.7 89.6  33.3 106.3  38.2
79.2  31.8 NA 80.8  27.1
1.13  0.76 NA 1.50  0.87
5.46  2.80 7.83  9.78 6.75  3.15
15.1   5.8 15.2  7.5 17.8  7.8
54.7  24.0 80.5  45.5 92.2  34.0
44.3  22.4 NA 78.5  36.7
33.6  21.4 64.3  40.4 64.4  32.6
42.2  14.2 21. 6  9.1 33.0  12.2
20.1  10.2 NA 18.3  12.3
27.5  13.1 NA 18.7  8.7
illation; ARB, angiotensin II receptor blocker; ACEI, angiotensin-converting enzyme
e regional tissue velocity of the mitral annulus measured during early ﬁlling; E/A, the
ial contraction; LAEF, left atrial emptying function; MR, mitral valve regurgitation.
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ments were made according to criteria of the American Society of
Echocardiography [12]. LV ejection fraction was obtained from LV
end-diastolic and end-systolic volumes according to the biplane
modiﬁed Simpson’s rule. LV mass was calculated at end diastole.
Volume and mass were indexed to body surface area. Doppler
measurements of mitral inﬂow E-wave and A-wave velocity were
obtained, and tissue Doppler measurements of mitral e0 wave
velocity were made at the septal annulus.
After measurement of the standard echocardiographic param-
eters, a time–LA volume curve was obtained by STE using ofﬂine
software (Syngo Velocity Vector Imaging, Siemens) to evaluate
phasic LAV and LA function. As recommended by the American
Society of Echocardiography, measurements of phasic LAV were
made from the apical 2- and 4-chamber view [12]. We also selected
a measurement solely from the apical 4-chamber view by STE
because there were several poor recordings from the apical 2-
chamber view and active LAEF measured by STE was reported to be
more accurate from the apical 4-chamber view than from the
apical 2-chamber view compared with 3-dimensional computed
tomography as a gold standard (r = 0.73 vs. r = 0.45) [12]. Total
LAEF (reservoir function), passive LAEF (conduit function), and
active LAEF (booster pump function) were calculated to evaluate
phasic LA function. Total, passive, and active LAEF were deﬁned
during a cardiac cycle as (maximum LAV  minimum LAV)/
maximum LAV  100%, (maximum LAV  pre-atrial contraction
LAV)/maximum LAV  100% and (pre-atrial contraction
LAV  minimum LAV)/pre-atrial contraction LAV  100%, respec-
tively. The measurements of LAV and function were averaged from
three consecutive beats. The reliability of the STE method for the
quantiﬁcation of phasic LAV and LA function has been well
established in previous studies [10,11]. We also reported that the
intraobserver correlation coefﬁcient and variability in maximum
LA volume assessed by STE were 0.99 and 1.4  6.0%, respectively.
The interobserver correlation coefﬁcient and variability in maximum
LA volume assessed by STE were 0.99 and 0.2  4.5%, respectively.
There were signiﬁcant correlations between 2D-STE in apical 4-
chamber view and 3-dimensional computed tomography in the
assessment of pre-atrial contraction LAV, minimum LAV, total LAEF,
and active LAEF (r = 0.91, 0.95, 0.88, and 0.73, respectively) [13].
In the training study, we determined the novel index that gave
the best estimate of PCWP based on multivariate regression
analysis (stepwise forward selection) using four combinations of
LAV and LA function in the patients in sinus rhythm. The
measurements of LAV and function in AF are limited by the
variability in cycle length and the absence of organized atrial
activity. Therefore, the measurements of LAV and function in AF
patients were averaged from three non-consecutive beats with
cycle lengths within 10–20% of the average heart rate and the
measurements from one cardiac cycle with RR interval corre-
sponding to a heart rate of 70–80 beats/min (73  9 beats/min)
were used according to a previous report [14]. In the testing study, the
PCWP estimated using the novel indexes, LAV, LA function, or E/e0 was
compared with that measured by right heart catheterization. In
addition, we compared the PCWP estimated using the novel indexes
with that measured by right heart catheterization after dividing
patients into two groups (LV ejection fraction 50% and <50%) in the
testing study. We also compared PCWP estimated using the novel
indexes obtained by STE and by conventional manual tracing with
that measured by right heart catheterization in 40 randomly selected
patients from 129 patients in the testing study.
Invasive measurements of PCWP
Mean PCWP was measured with a pulmonary artery
balloon-occlusion catheter, and the wedge position was veriﬁedﬂuoroscopically and by changes in the pressure waveform. The
catheter was connected to a ﬂuid-ﬁlled transducer that was
balanced before the study with the transducer located at the mid-
axillary line. The pressure measurements were performed by
investigators who were unaware of the echocardiographic data.
The mean PCWP was measured at end-expiration and the average of
ﬁve heart cycles was used to obtain the LV ﬁlling pressure.
Reproducibility of PCWP estimated using the novel indexes
We determined the interobserver variability of the PCWP
estimated using the novel indexes in 30 patients with chest pain or
discomfort. Thirty randomly selected recordings were measured
by two observers in a blinded manner. Likewise, we determined
the intraobserver variability of the PCWP estimated using the
novel indexes in the same 30 recordings that were measured twice
by one observer at a 7-day interval.
Statistical analysis
The data are expressed as the mean  one standard deviation. In
the training study, the relationships between PCWP measured by
right heart catheterization and phasic LAEF, phasic LAVI, and E/e0were
tested by simple linear regression analysis. Multivariate regression
analysis was performed using stepwise forward selection to identify
the independent predictors of PCWP. In the testing study, the
relationship between the PCWP measured by right heart catheteri-
zation and PCWP estimated by the novel index was tested by simple
linear regression analysis. Bland–Altman analysis was used to
determine the agreement between the two methods. Receiver
operating characteristic curve (ROC) analysis was used to determine
the optimal cutoff values and sensitivity and speciﬁcity of the novel
index and E/e0 to predict an elevated PCWP (>12 mmHg). A p-value of
<0.05 was considered to be signiﬁcant. Statistical analyses were
performed using Stat View version 5.0 (SAS Institute Inc., Cary, NC,
USA).
Results
Patients’ characteristics and echocardiographic variables
The patients’ clinical characteristics and echocardiographic
variables in the training and testing studies are shown in
Table 1. The time–LA volume curve was obtained in about one
minute by STE (Fig. 1). However, 28% of the imaging from the apical
2-chamber view did not have enough quality for the measure-
ments of LA volume by STE. LV ejection fraction in the patients in
sinus rhythm in the testing study was 54.3  13.2% (range: 20–
80%). E/e0 in the patients in sinus rhythm in the testing study was
15.1  5.8 (range: 2–30).
Relationship between echocardiographic parameters and PCWP in the
training study
The following four indices were evaluated in the training study
to predict PCWP: (1) active LAEF/minimum LAVI, (2) active LAEF/
maximum LAVI, (3) total LAEF/minimum LAVI, and (4) total LAEF/
maximum LAVI. Since all of these indices were found to vary
logarithmically with PCWP obtained by right heart catheterization
(Fig. 2), we used the logarithm of these indices in linear regression
analyses. The E/e0 and the logarithm of these four indices along
with phasic LAVI and phasic LA function were linearly correlated
with PCWP measured by right heart catheterization in the training
study (Fig. 3). The logarithm of active LAEF/minimum LAVI had the
strongest correlation with PCWP among all of the echocardio-
graphic parameters (Fig. 3). The following regression equation
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Fig. 2. Relationship between pulmonary capillary wedge pressure measured by right heart catheterization and the combined parameters of left atrial function and volume in
the training study (n = 50). PCWP, pulmonary capillary wedge pressure; LAEF, left atrial emptying function; LAVI, left atrial volume index.
Fig. 1. Representative image of the time–left atrial volume curve. Red lines are the time–left atrial volume curves, blue lines are the dV/dt curves. PCWP, pulmonary capillary
wedge pressure; LVEF, left ventricular ejection fraction. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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LAVI in the patients with sinus rhythm: PCWP = 11.5–12.1 [log10
(active LAEF/minimum LAV index)] (r = 0.87, p < 0.001) (measure-
ments from the apical 2- and 4-chamber view); PCWP = 10.8–12.4
[log10 (active LAEF/minimum LAV index)] (r = 0.86, p < 0.001)
(measurements from the apical 4-chamber view). We deﬁned this
novel index [log10 (active LAEF/minimum LAV index)] as the
kinetics-tracking index (KT index: Kawasaki-Tanaka index). Like-
wise, the following regression equation described the relationship
between PCWP and E/e0: PCWP = 8.33 + 0.65E/e0 (r = 0.50, p < 0.001).In the patients with chronic AF, total LAEF was substituted for active
LAEF because pre-atrial contraction LAV was not present in the
patients with AF. Multiple regression analysis (stepwise forward
selection) revealed that only the KT index was an independent
predictor of PCWP measured by right heart catheterization among
the various echocardiographic parameters (Table 2). However, the
maximum LAVI and active LAEF could not be included in the multiple
regression analysis due to multicollinearity because there was a
signiﬁcant association among KT index, maximum LAVI, and active
LAEF.
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Fig. 3. Relationship between pulmonary capillary wedge pressure measured by right heart catheterization and echocardiographic parameters in the training study (n = 50).
PCWP, pulmonary capillary wedge pressure; LAEF, left atrial emptying function; LAVI, left atrial volume index. Note that the KT index was better than left atrial volume alone
and ratio of peak early transmitral ﬂow velocity to the regional tissue velocity of the mitral annulus measured during early ﬁlling to estimate PCWP.
Table 2
Regression analysis for predicting pulmonary capillary wedge pressure (training study).
Univariate Multivariate
r p b SE (b) Standard b p
KT index 0.86 <0.001 8.131 3.835 0.579 0.040
Minimum LAVI 0.83 <0.001 0.063 0.049 0.229 0.212
Total LAEF 0.79 <0.001 0.0008 0.107 0.0001 0.999
E/e0 0.50 <0.001 0.072 0.067 0.094 0.290
E/A 0.52 <0.001 0.473 0.829 0.052 0.571
KT index, kinetics-tracking index; LAVI, left atrial volume index; LAEF, left atrial emptying function; E/e0 , the ratio of peak early transmitral ﬂow velocity (E) to the regional
tissue velocity of the mitral annulus measured during early ﬁlling; E/A, the ratio of mitral inﬂow E-wave to A-wave velocity.
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and PCWP estimated by the KT index
The results of linear regression analysis to evaluate the
relationship between PCWP obtained by right heart catheteriza-
tion and PCWP estimated by the KT index in the testing study
(n = 129) are shown in Fig. 4. The PCWP estimated by the KT index
had a strong correlation with PCWP obtained by right heart
catheterization (r = 0.92, p < 0.001) (Fig. 4A). Bland–Altman plots
for the agreement between PCWP obtained by right heart
catheterization and PCWP estimated by the KT index are also
shown in Fig. 4B.
Accuracy and usefulness of the KT index to estimate PCWP in patients
with preserved or reduced LV ejection fraction, in patients with chronic
AF and patients with MR
Simple linear regression analysis and Bland–Altman plots for
the agreement between PCWP estimated by STE and thatobtained by right heart catheterization are shown for the
two subgroups of patients in the testing study that were
classiﬁed according to their LV ejection fraction [70 patients
with ejection fraction 50% (63  7%) and 39 patients with
ejection fraction <50% (36  8%)] (Fig. 4A, B). In both subgroups,
PCWP obtained by the KT index had good agreement with PCWP
obtained by right heart catheterization (r = 0.92, r = 0.92, p < 0.001,
respectively).
We also performed a sub-analysis classifying the patients
in the testing study according to symptoms of chronic heart
failure [45 patients with heart failure (NYHA  II) and 64 patients
without heart failure]. In both subgroups, PCWP obtained by
the KT index had good agreement with PCWP obtained by right
heart catheterization (r = 0.91, r = 0.86, p < 0.001, respectively)
(Fig. 4C, D). Likewise, PCWP obtained by the KT index in patients
with chronic AF had good agreement with PCWP obtained
by right heart catheterization (r = 0.77, p < 0.001). In the
patients with moderate to severe MR, PCWP obtained by the
KT index had a signiﬁcant but moderate correlation with PCWP
Fig. 4. (A) Relationship between pulmonary capillary wedge pressure (PCWP) measured by right heart catheterization and estimated by the KT index in patients in the testing
study and in the subgroups with left ventricular ejection fraction (LVEF) 50% and LVEF <50%. The relationships were evaluated by simple linear regression analysis. (B)
Bland–Altman analysis to compare PCWP measured by right heart catheterization and estimated by the KT index in patients in the testing study and in the subgroups with
LVEF 50% and LVEF <50%. The middle red line shows the average difference between the methods, and the upper and lower lines show the limits of agreement (1.96  SD of
the difference). (C) Relationship between PCWP measured by right heart catheterization and estimated by the KT index in patients in the testing study and in the subgroups with or
without symptom of heart failure and chronic atrial ﬁbrillation. The relationships were evaluated by simple linear regression analysis. (D) Bland–Altman analysis to compare PCWP
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Fig. 5. (A) Relationship between pulmonary capillary wedge pressure (PCWP) measured by right heart catheterization and estimated by the KT index in patients with
moderate to severe mitral valve regurgitation (MR). (B, C) Relationship among PCWP measured by speckle tracking method, conventional manual tracing, and right heart
catheterization. (D) Relationship between the change in PCWP measured by right heart catheterization and that estimated by the KT index before and after leg elevation. The
arrows indicate the change in the PCWP measured in each patient. Note that the change in PCWP due to leg elevation estimated by speckle tracking echocardiography was
directly proportional to the change in PCWP obtained by right heart catheterization. (E) Relationship between PCWP measured by right heart catheterization and that
estimated by the KT index before leg elevation. (F) Relationship between PCWP measured by right heart catheterization and that estimated by the KT index after leg elevation.
(G, H) Receiver operating characteristic curves of the echocardiographic parameters for predicting an elevated PCWP (>12 mmHg) in the testing study. Note that the KT index
had a larger area under the curve (AUC) than the ratio of peak early transmitral ﬂow velocity to the regional tissue velocity of the mitral annulus measured during early ﬁlling
(E/e0). AF: atrial ﬁbrillation; NSR: normal sinus rhythm.
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(Fig. 5A).
PCWP obtained by conventional manual tracing had good
agreement with PCWP with that measured by right heart
catheterization (r = 0.90, p < 0.001), as well as PCWP obtained
by STE (r = 0.93, p < 0.001) (Fig. 5B, C).measured by right heart catheterization and estimated by the KT index in patients in the tes
atrial ﬁbrillation. The middle red line shows the average difference between the method
difference).Simultaneous evaluation of PCWP under acute hemodynamic change
caused by leg elevation
In 20 consecutive patients, we compared PCWP measured by
right heart catheterization with PCWP estimated by STE before and
after leg elevation to validate the reliability of estimated PCWP inting study and in the subgroups with or without symptoms of heart failure and chronic
s, and the upper and lower lines shows the limits of agreement (1.96  SD of the
LA
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M. Kawasaki et al. / Journal of Cardiology 66 (2015) 253–262260response to a change in hemodynamic load. Leg elevation caused a
change in estimated PCWP that was directly proportional to the
change in PCWP measured by right heart catheterization (Fig. 5D).
The PCWP estimated by the KT index had a strong correlation with
PCWP obtained by right heart catheterization both before leg
elevation (r = 0.93, p < 0.001) (Fig. 5E) and after leg elevation
(r = 0.95, p < 0.001) (Fig. 5F).
Predictors of elevated PCWP
ROC curve analysis revealed that a KT index of 0.03 and an E/e0
of 14.0 were the optimal cutoff values for predicting elevated
PCWP (>12 mmHg) in the patients in sinus rhythm in the testing
study (Fig. 5G). With an optimal KT index cutoff of 0.03 and
0.20, the area under the ROC curve for estimating an elevated
PCWP (>12 mmHg) was 0.93 in sinus rhythm and 0.84 in AF. With
an optimal E/e0 cutoff of 14.0 and 11.0, the area under the ROC
curve for estimating an elevated PCWP (>12 mmHg) was 0.72 in
sinus rhythm and 0.75 in AF (Fig. 5H).
Reproducibility of PCWP estimated using the novel indexes
The intraobserver correlation coefﬁcient and variability in the
PCWP estimated using the novel indexes were 0.99 and 0.9  1.5%,
respectively. The interobserver correlation coefﬁcient and variability
in the PCWP estimated using the novel indexes were 0.99 and
2.5  1.8%, respectively.
Discussion
The present study demonstrated that the log10 (LA function/LA
volume index) was correlated with PCWP obtained by right heart
catheterization. Among all the ultrasound parameters measured,
multivariate regression analysis (stepwise forward selection)
revealed that the logarithm of active LAEF/minimum LAVI was
the best predictor of PCWP, and the resulting regression equation
was: PCWP = 10.8–12.4 [log10 (active LAEF/minimum LAVI)]. We
deﬁned this novel index [log10 (active LAEF/minimum LAVI)] as the
kinetics-tracking index (KT index: Kawasaki-Tanaka index). The KT
index was based on a combination of LAV and function obtained
from the time–LA volume curve using STE, and this index was a
more powerful and useful predictor of PCWP than other ultrasound
parameters. The KT index may have clinical utility and value in
routine clinical practice.
Establishment of the KT index
A theoretical physical balloon model that indicates the
relationship between volume and pressure in the absence of
motion cannot be applied to the left atrium, because the left atrium
is always moving during the cardiac cycle and LA motion is
inﬂuenced by multiple factors. Therefore, the LA pressure–volume
relationship cannot be established based on theory, but only data
from experiments. A previous experimental study reported that
the LA pressure-volume relationship consists of two loops
arranged in a horizontal ﬁgure-of-eight pattern that incorporates
both the active (A loop) and passive (V loop) components of LA
function (Fig. 6) [15]. Dernellis et al. reported that there was a
linear correlation between minimum LAVI and LA pressure in
subjects with normal atrial function, patients with acute myocar-
dial infarction and patients with chronic heart failure (Fig. 6)
[16]. As LV diastolic function continues to decrease, LA volume
continues to increase [17,18]. Therefore, we employed LA volume
as the denominator in the KT index to evaluate PCWP. Further-
more, as LV diastolic dysfunction progresses, active LAEF is
gradually impaired due to elevated LV stiffness and LV ﬁllingpressure, and active LAEF begins to decrease [19]. Moreover, Hsiao
et al. previously reported the logarithmic correlation between LV
ﬁlling pressure and LA distensibility [(max LAVI  min LAVI)/min
LAVI] that is similar to the total LAEF [(max LAVI  min LAVI)/max
LAVI] [18]. Therefore, we determined the logarithmic correlation
between ePCWP and LA function, and LA function as the numerator
in the KT index. Therefore, as PCWP increases, the KT index
decreases.
Intriguingly, PCWP obtained by the KT index in patients with
chronic AF had a good agreement with PCWP obtained by right
heart catheterization even using the same regression equation as
in the patients in normal sinus rhythm (NSR). The reason can be
speculated that the ratio of max LAVI to min LAVI (1.213) in the
patients with chronic AF was similar to the ratio of pre-AC LAVI to
min LAVI (1.191) in the patients in NSR. We also calculated the
regression equation using the data of the patients with AF in the
‘‘testing study’’. The regression equation was PCWP measured by
catheterization = 10.5–12.5 KT index (r = 0.76). This was similar to
the regression equation of the patients in NSR in the training study
(PCWP measured by catheterization = 10.8–12.4 KT index).
Comparison with E/e0
Although e0 represents regional tissue velocity, e0 has been
thought to reﬂect LV relaxation and has a good correlation with
PCWP [7,20,21]. However, e0 is affected not only by active
relaxation but also by elastic recoil and lengthening load [22]. Thus,
e0 may have limitations as an index of intrinsic LV relaxation.
Likewise, the E wave is also affected by loading conditions. When
afterload increases, the E wave decreases and when preload
increases, the E wave increases [23,24]. More importantly, E/e0
does not reﬂect the condition of diastasis that may occur during
mid and late diastole, or atrial contraction that is directly affected
by LV stiffness. Therefore, E/e0 is a parameter that evaluates only
early diastole. In the present study, E/e0 had a signiﬁcant but
moderate correlation with measured PCWP (r = 0.50), as well as in
a previous study by Hsiao et al. (r = 0.47) [20]. Hsiao et al. reported
that LA ejection fraction had a signiﬁcant correlation with LV ﬁlling
pressure (r = 0.63) [20]. However, the KT index in the present
study had a stronger correlation with PCWP (r = 0.87) than the
parameters reported by Hsiao et al. Isovolumetric myocardial
acceleration obtained by tissue Doppler imaging can predict PCWP
[25]. However, the correlation coefﬁcient between PCWP obtained
by right heart catheterization and predicted PCWP (r = 0.74) was
less than that in the present study, and the prediction was limited
to patients with LVEF < 55% and E/e0 <8 or >15 [25]. In previous
studies, it was reported that there was no signiﬁcant correlation
M. Kawasaki et al. / Journal of Cardiology 66 (2015) 253–262 261between E/e0 and LV ﬁlling pressure in healthy subjects or in
patients with acute decompensated heart failure, thereby limiting
the global application of this index [20,26,27]. To overcome the
limitations of E/e0, we proposed a combination of minimum LAVI
and active LAEF (KT index) that evaluates LA features throughout
diastole to estimate LV ﬁlling pressure.
Clinical implications
Heart failure is a common cause of cardiovascular death, and it
leads to elevation of PCWP [1]. The KT index had a strong
correlation with PCWP and was an independent predictor of
elevated PCWP in both groups (LV ejection fraction 50% and
<50%). However, E/e0 had a moderate correlation with PCWP and
was not an independent predictor of elevated PCWP. A recent
study showed that LV diastolic dysfunction evaluated by E/e0 and
LAVI was associated with a greater cardiovascular event rate over
ﬁve years of follow-up [28]. Thus, the KT index may be useful to
estimate PCWP for the diagnosis and treatment of HFPEF.
Furthermore, we compared PCWP obtained simultaneously by
right heart catheterization and STE under an acute hemodynamic
change caused by leg elevation. A recent study demonstrated that
an abnormal rise in PCWP induced by supine cycle ergometer
exercise was more frequently observed in patients with LV
diastolic dysfunction than patients without LV diastolic dysfunc-
tion, and this may promote progression of heart failure [29]. A
previous study reported a weak but signiﬁcant relationship
between PCWP and E/e0 (PCWP = 0.58 E/e0 + 7.02, r = 0.61,
p < 0.001) [30]. This regression equation was similar to that in
the present study (PCWP = 0.65 E/e0 + 8.33, r = 0.50, p < 0.001).
However, PCWP estimated by E/e0 did not reliably track changes in
PCWP caused by a rapid infusion of isotonic saline (100–200 ml/
min) due to a highly variable regression slope [30]. In the present
study, the change in PCWP estimated by the KT index in response
to leg elevation was directly proportional to the change in PCWP
obtained by right heart catheterization. The KT index measured by
STE allows non-invasive evaluation of hemodynamic changes and
provides prognostic information in patients with heart failure.
In patients with moderate to severe MR, PCWP obtained by the
KT index had a signiﬁcant but moderate correlation with PCWP
obtained by right heart catheterization. The physiological changes
in the left atrium in patients with moderate to severe MR are
characterized by increases in LA size and pressure. However, the
magnitude of these changes chieﬂy depends on the rapidity and
severity of MR [31]. This may be the reason why the relationship
between PCWP obtained by the KT index and right heart
catheterization was not strong.
PCWP obtained by conventional manual tracing had good
agreement with PCWP measured by right heart catheterization, as
well as PCWP obtained by STE. This indicated that the values
derived from the conventional method are also useful and
independent of the echo machine and software.
Study limitations
There are several limitations of this study. First, none of our
patients had mitral stenosis or acute coronary syndrome; thus,
the utility of this method in patients with mitral stenosis or
acute coronary syndrome is unknown. This method requires
further evaluation in a large number of patients with mitral
stenosis or acute coronary syndrome. Second, although a
micromanometer-tipped catheter would have been ideal to
measure LA pressure, mean PCWP was obtained with a ﬂuid-
ﬁlled catheter and was used as an index of LA pressure. However,
this method is the standard used in the clinical setting and has
been well validated [7].Conclusions
A novel index (KT index) was developed to predict PCWP based
on the combination of active LAEF and minimum LAVI obtained
from the time–LA volume curve using STE. The KT index was a
more accurate and useful predictor of mean PCWP than E/e0, LA
volume, LA function, or other combinations of LA function and
volume regardless of LV ejection fraction. This novel index may
have incremental utility and discriminative value in routine
clinical practice.
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